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ON THE THERMAL RADIATION OF

JUPITER

Astronomicheskiy Zhurnal, by A, P, Naumov,
Tom 42, No. 3, 629 -638. I, P.Knizhnyvakov
Izdatel'stvo ""NAUKA", 1965.

SUMMARY

On the basis of spectroscopic data it is assumed that the atmo-
sphere of Jupiter consists of HZ’ CHh and NH; (the reduced heights are
5500 m, 150 m and 7?7 m). The optical thickness of the isothermic atmosphe-
re (130°K) in the wavelencth range A\ =< l.3mm - 3cm is computed and
the levels of radiation yield are determined. The brightness temperature
of the planet, TB in the rerion A~ S5mm~~ 3cm is computed for diffe-
rent gradients W and heights hc of the troposphere in the case of non-
isothermic atmosphere models. The difference between TB and the infrared
tempersture of the cloud layer at h,  =36.%km and X = —2,00°K/knm
reaches —~ 70°K in the resionlA== 1.25cm. It ic ncted that the wave-
lenrsth range A == 1.05 cm= 1,54 cm is the most suitable for an experimen-

tal verification of the computations.

*
* %

Two forms of Jupiter's radioemission are currently observed 3
the sporadic, in the wavelength rezgion X = 1O0m -~ 60m, and the continuous
in the X = 3cm< 70cm wave band. The brightness temperature Ty of the
planet rises from 140 < 170°K at A ~ 3 cm [1 -~ 4] to several tens of
thousand desrees at \ ~~70cm [5—=7]. An attempt to explain such high
trightness temperatures by thermal radiation of the atmosphere with an

adiabatic temperature grzdient, was found to be unsuccessful in spite of
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the clezrly overrsted atmosvhere transparency adopted in the computations
of the work [2].One may point to still other properties of co-tinuous
r-distion, as evidence of its nontrermal character (the ansular diareter
exceeds the ontical one by a factor of ~3 [9], the radiation intensity
in the AX~10cm 4+ 20cm band varies with time, etc, [10-=-12] ). The
most probable source of contincus radiation is generally corsidered to
be in the emission of electrons from radiation belts (see, for example,
(8,131), 4s to the svectral region A £3cm, it may be a-sumed that the
character of radiation there is thermal, for the brightness temperature
of 1LO°EK differs little from the infrared temperature, equal to 130°K
14 — 161,

We shall consider in the folloving the thermal radiation of
Jupiter in the wavelength region \=Z l.>mm -+ 3cm ., The indicated region
is interesting in that resonance freguencies of amuonia inversion spec-
trum are present there, and, sccording to the aveilable data (diecussed
at further len~th ir t'e paracraph 1 below) azmronia enters into the com-
position of the atmosrhere in that re~ion., Compsrison of the measured
brirhtners terverature with tre conputed for specific models of plenet's
atmorphere vrovides the por:ribility of otteining a certain informetion on
tie prveicsl conditicns of the planet. Although presently ex—erimental
data on Jupiter's rzadistion exist mairly in wavelenzths A\ D> 3em*, the
rarid strides in the measurement techknicues allow us to hope to obtain

sihortly information in wavelengths < 3 :m too. Possible variants in the

determination of the properties of the atrmosphere according to observations

in ultrahigh frequencies with the aid of rockets, are, in particular, dis-
cussed in the work [18].

1.~ NOD®L OF JUPITER'S /TMOSFHERE, The measured infrared tempera-

ture of Jupiter is ususlly referred to the layer of clouds that conceals
the planet's surface and the lower part of the atmosphere (130°K). We
admitted that cloucs emit as an absolute blackbody with temperature of
130° X (T,). Above clouds atsorrntion bands of NH}’ CH, and Hj are observed
and treir reduced heipghts are resvectively 7m,150m and 5500 m [14,19].

Althoush the temperature of 12C°K is below ammonia's freezirng point,

* A value Ty < 200° K was obtzined at A~ C.86 cm in [17].



svectroscopic investigations attest to the presence of gareous ammonia
in the atmosrhere of Jupiter, From gereral considerstions one misght also
expect tke presence in it of helium, neon, nitrogen and argon: however,
no experimental corroboration of the precence of thece gases in the atmo-
echere of Jupriter are available zg vet *, Vle assumed that the above-cloud
vert of the atmosphere comnsists only of NH}, CH# and I&ain amounts shown
above, which corresponds to the following percent content by the number
of particles :'97.22% H, ,2.66% CH, and 0,12% NH;. Assuming also that
the chemical composition of the atmosphere does not vary with height, the
mean molecular weight m of the gas was then obtained c¢qual to 3.95'10"21*3
Considered belovw are several model atmospheres @

a) isothermic atmosphere with temperature T,.

b) two-layer models, consisting of nonisothermic troposphere with
various temperature gradients and heizhts, and isothermic stratosphere.

In the case of isotheruzic atmosphere (case a) the pressure P
varies with height hi accordin= to the law

P = 1;\,e—hi,'11;, (1)

The prersure at clecud surface is P =1,476 « II.O5inch/cm2 ané the scale
of heights is Hj = (kTo/mg) =1&,45kr (g is the free fall acceleratioen,
k irs the Boltzmann cornrtant),

In the case b):

T=—=T +th _
( ' ‘K-h.\-m[\‘/hx )}0‘(\\‘hi<hc’ (2)
P=prl14 20
o} -+ 70 ) J
where h. is count:: {rom ite cloud level, h_ is the bheight of the tropo-
£

sphere, = i tie tempcrature gradient,

T=T.
P —= P_e—(hi—ho)be } hi > he,
where Tc = T@ + ‘K’I‘.‘ P o= PO(TC/TO)“"'S/hK (3)
and o
H.o=—=---.
me

Information on the dependerce T (hi) in Jupiter's atmosphere ie absent,

and thst is why we conmpleted the computations of brightnees temperature

* That is why we consicer other models than that taken in {20_.]. Spectroeco=-
sic inverii-ations do not confirm the amount of Hz takxen in L14].



for three different gradients = = +1°K/xnx, —2.01°K/axx* (the latter
value is equal to the adiabatic gradient). We assumed for the same reason
the quantity h, to be equal to '/, Ho, 3Ho, 2He. for each gradient.

2.~ Calculation Formulaes.- The optical thickness of the atmosphere
layer lying above the level h; is:

oo

(v, h) = [ a(v, h)dhs (%)

hy
where a(v,k:) is the absorption coefficient at level h; in the atmosphere

and at frequency V;.The brightness temperature of the planet at the fre-

quency VvV is:

fad

m

Ty(v)= 2{To§ e~*m/ ndp -+ § §r (r)e""‘dtdu}, )
0 80

where T, is the optical thickness of the above-cloud layer, p = cos e,
where © is the spherical coordinate of the point at planet's surface.

If we assume that the brightness of the visible disk of the planet is iden-
tical everywhere and is equal to the brightness at disk's center, formula

(5) may be written in the form**:

Tm

T (v)=Toen + | T(v)e—"dx. (6)
]
For a two~layer atmosphere we shall have :
Tl;(v) Toe~%m + T (1 — €~%) -+ S T (v)e—dx, N

Te

where T, is the optical thickness of the stratosphere at the frequency V.
The absorption coefficient of the atmosphere may be represented
in the form of the sum of the coefficients of separate absorbing compo~

nents @
: a(v, ki) = axu, + cu, + s, (8)

* Although the darkening of Jupiter's disk at the edges, obtained in [16]
in wave ‘ngthe A= 8 < llyspeeks in favor of negative gradient of planet's
nonisot: srmic atmosphere.

** The estimates of the error then admitted, are brought out in para. 3.



The molecules H, and CHjdo not have a constant dipole moment
and they dinduce in the microvave bDand a very low absorption, conditioned
only by the induced dipole moment ( at collisions). Estimates of energy
absorption by the gas, consisting of linear molecules and endowed with
quadrupole moment were completed in [21]. f:alogous estimates for hydrogen
in Jupiter's atmosphere lead to the ratio oy, {qgwm, <10 at A>0.6 cx. The
intermolecular interaction of molecules CHy is determined by short-range
forces (London dispersion, exchange forces). The last circumstance, and
also the low content in methane (by comparison with Lydrogen) in the aﬁmo-
sphere of Jupiter give the correlation aqg._«g an, Therefore, the nontrans-
parency of the atmosphere of Jupiter in wavelensths A=z Smm =3 cm in the
models admitted is determined by the absorption of ammonia only; its inver-
gion spectrum corresponds to the region A =r 1.25cm, and the presence of
hydrogen and methane molecules is manifest in the half-widths of spectral
lines of NH; (for details, see below),

The absorption coefficient of ammonia may, according to [22), be
written in the form:

32n22 Vi Avy;
3hC ZU(N' ——Nj) (”’“)z (Vijz — vz)z + 4V2(AV|'J')2 M (9)

aNH3 ==

In the formula (9) the structural facter is written in the form
obtained from the solution of the kinetic equation [23], Ny — Ky is the
difference in the populastions between the i and j~ levels, f‘ij is the
matrix element of the dipole moment for the transition i - jJ, Vi:! is
the resonance frequency, v is the frequency of the external electromagnetic
field, Avij

vely the Planck constant and the speed of light. The summing up in the

O =r

is the half-width of the spectral line,h and ¢ are respecti-

expression (9) is effected by all inversional transitions, whose resonance
frequencies amd half-widths depend on the rotational state of the molecule.
Since the rotational frequencies of NH} exceed significantly the

corresponding inversional frequencies of the ground state, we have
1— e—hv; kT
»A’;‘ _ IVj = NJK T+ e"“’u/"T

where NJK is the population of the rotational state with quantum numbers




J and K (the NH, molecule is a symmetrical rotator). If we utilize for
Hyjx the expression (3.48) from [24], and the indices i and j in reso-
nance frequencies, matrix elements and half-widths are suobstituted by the

corresponding values of J and XK, we shall obtain instead of (9):

16n2Nv2‘V B2AR3
) Se~Esx/kT
ckT n(kT)a?; |k |>vau? (2] + 1) Se~EaltT X
% Avix )
(vig? — v?)2 4 4v3(Avix)? !

aNH: =

(10)

under the conditions Avix<<kT, hA<<kT and hB<<kT (A and B being the
rotational constants of the ammonia molecule), where N is the number of
ammonia molecules per 1 cn3, Ejx is the rotational energy ‘and § is a
multiplier, taking into account the nuclear statistical weight. Introducing
in the calculationa the intensities of spectral lines '

4nz N B2AR?
3ckT Avix ! n(kT)®

-I.uc = | wik |2 vid3(2] + 1) Se~Esu/MT, (11)

we have
Avad

(vt — v3)2 + 42 (Avix)2

anu, = 4v2 Ik (12)
"Ix

It is well known from experiment [25], that in pure ammonia and
to presrures P =~ 100 mm Hg
Av;ig ~ P (13)

This threshold is incressed in the mixture methane, hydrogen, ammonia,
for Onm,-u, ONH,~CH. << ONH~NH; ( & being the effective collision cross section).
Since in the considered Jupiter model atmospheres pressure does not exceed
110 =m Hg, the correlation (13) is valid wherever the line helf-width is
determined by molecular collisions,

The best agreement with the experiment is also given by the tempe-

rature dependence [26] :
1
AVJK ~ T- (14)

Unifying the correlations (13) and (14), we may write:

r ,
Avyx = yix— P. (15)



~J
.

The measured half-widths of 1F% lines NH} (concentration 100%) at room
temperature Ty and P =1mmHg. The half-widths of the remairings lines

of ammonia uncer the same conditions may be corputed by the Bleane—r-Tenrore
formule [25]:

A of A 7" 6
vk [He (=3 [ —] . {16)
JJ+1
For the mixture am o in-: . roren-gethane, ta:ins irto account the above,
we have
(o) {255 17 S e TCHe-NH3 Ty
Avyg = Am‘( 0002 + 0722 =M g gage O T2 )1'.-‘1. (17)
ONH3—NHa ONH,-NH,/ T
O} ,—NH, - O~ NI
According to data of Table 55 [24] VISt =~005, and the ratio - oo
ONHy -NH;3 ONH —~NH,

may be estimated, sssuming, that by the strength of the analozous character

. . ~ . N TCH .- Niia .

of interaction toue-ni, = Oar-nit. . Tgtimates give SN~ 0.07. It must be noted
ONH - NH,

that the inaccuracy of tre last estimate of tre ratio of effective cross

sections because of low concentration oi methane in Jupiter's atmosphere,

leads tc errors in the half-widihs of the lines NH3 not exceeding ~ 3,5%.

The guantities Y gy may be computed by using the correlations (15)
and (17). Texins into account that the concentrztion of ammonia in the
atrmorihere of Jupiter constitutes 0.1275 snd the correlations N~P /T with
(15% r1l-0, we find :

QUOL2T e Fywh T

1,“\' ~ . - T e (18)

Oi1.-N LOCHi - NI,
0.0012 - 0.0722 —L=N L g 0266 - T

ONH —NH- ONH ;NI .

The intensities of 65 lines of pure ammonia at room temperature are brought
out in Table 46 of [24], The resonance frequencies of ammonia's inversion
spectrur 7 g are given in the same table. We utilized in computations

51 lines only, their intensities being at the same time converted to con-
ditions on the surface of Jupiter's clouds, in accordance with the corre-
lation (15)., The nc-lecting of the 14 wegk lines of NH} during computations

cives an error in T not exceeding - 1% in the entire band considered.



8.

We finally have for the absorption coefficient of ammonia:

a(v, hi)= wzz,k(ro)[ TT(;,)]M’exp[-E—‘]:‘(-},;—-—T—:E)—)]x

2
o [Y"‘ :(h) (h:) ] . (19)

(Va2 — v¥)2 4 4v2[wx A ]2

For the isothermic atmosphere we obtain from formula (4):

(vak? — v?)2 + 4v?PoPysxle 2R He
(vax® — V) &v2 (Avo)?

(v, Bi) = 12 Ho D) Iix(To)1n (20)

JK .

The integration in formula (4) was effected to the height B
at which the half-width of the line becomes comparable with the Doppler
AV) . Such a procedure is equivalent to cutting the atmosphere at a height
hy = 100+ 200 km (the values of hm differ somewhat in different
variants). Note that the contribution of higher atmosvhere layers (hy > hp)
to the quantity T does not exceed 0,0l %. Only the narrow resonance
regions constitute an exception. (See para 3).

For a nonisothermic atmosphere

Te

4v - E; 1 1
(v, hi)=7 N sx(To) \ (lo/T)”eXP{ K( T )-! X

JK () k

[Wsxlo(1'/ L) —Urimsihx) 2
(vax? — v2)2 + 4w [ysrPo(T/ To) —UHmeiku) 2

(Vig¥)* 4 43k (To/T.) P
( Vi v:)z -+ 4v? (Avp)?

conp [22(4 )] @)

The calculation of atmosphere ovacity (nontransparence) and brightness

dT + «., (21)
where

= He 5 [ 1x(To) (To/Tp51n
2 JK

temperature was conducted by means of a BESM~P computer.

3, -~ Results of Calculation.- The results of calculation of the
optical thickness of an isothermic atrmosphere according to formula (20)
and for hy =0 are plotted in Figures 1 and 2 [ next page 1.
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Fig.1l, Optical thickness ¥ of the isothermic atmosphere
of Jupiter in the region A =~1l.3rm-+ 3cm

Fige. 3. - Levels of radiation egress h* in an isothermic
atmosphere of Jupiter as a function of wavelength.
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Fig, 2. - Opticel thickness of the isothermic atmosphere of
Jupiter in the region AXl.2mm-+ 3cm
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The spacing for the calculations wes chozen egual to 0.1 cm.l ir the regions
v==103 cut - 045 cx* 1.3 cu' -8 cx? and to 0,00l cm~l in the region 0,45+ 1.3

cm‘l

. It nay be seen from the figures 1 and Z that radiation in the region
A=<1 cx = 1.65 cx, apparently emerges from the above-cloud part of the atmo-
sviere, (Under the level of egress it is understood, as usual, that hy=h?*
for which T (h*)=1).

Plotted in Fig. 3 are the calculated levels of radiation emergence
as a function of wavelength. The computations of the cuantity h* were made

by the formula

kR (v)= gln (v, 0)? (23)

which follows from (20) under the conditions :

(vi2 — v?)2 S>> 4v2(Avik)2,  Avix® S Avpl. (24)
The conditions (24) are fulfille’ in the freguencies v<C0.5 cx™! and > 1.2 cm~1
In the region v=~(05cu—t= 1.2 cx~t the values of h® (¥) were found from an
earlier obtained dependence T(hy) through formula (20).

It should be noted that the curve of Fig. 3 is smoothed out in the
region of altitudes h* > O, The smoothing was determined by the spacing
of calculations of (hy) by frequency, which wes equal to 0.08 cm~! (it is
difficult to judge on the degree of smoothing from Fig.2).The curve in
Fiz. 3 was not computed by us in the region v~z 0.7 == 0,8 cm‘l, because
the ccmputation of emergence levels in that region would entail a signifi-
cant error (to 100%) becasuse of atmosphere cutdown at finding the optical
thickness (see para 2), as the atmosphere layers, lying above h , provide
in these frequencies a notable contribution to absorption. Computations
indicate that the emergence levels in a nonisoihermic atmosphere differ
from the corresponding ones in an isothermic atmosphere by no more than
~ L xm. Since the determination itself of radiation emergence levels is to
a known degree conditional, the indicated discrepancy is insignificant and
the calculation of the values of h* (v) for an isothermic atmosphere may
be a source of information in the first approximation.

Flotted in Figures 4 — 6 are the brightness temperatures of Jupiter
for diffizrent atmosphere models., The claculation of the values of TB:LB

1

made with a frequency spacing of 0.05cm . This conditions the smoothness
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of the curves drawn in the said figures. Note that the error connected
with this ( ATg) over a plane portion Ty=T. does not exceed 10 percent
in the case X = — 2,01°K/km and =~ 6 percent for % = +10 K/km.

LN
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— h,=36.90 km
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0.3 015 01 1 1 1 | t
. A .7 29 14} I, ;
1 H 1 1 1 1 a I ,'5 l|.7 v[CMI]
2.3 Z 7.5 1.2 1 0.8 0.7 06 Alcw

Fiz. 4. - Brightness temperature Tp of Jupiter in the
r=np~eA~ Smm -+ 3cm for a series of isothermic models
of the atmosphere
The respective error on the slopes of the curves of Figs. 4 — 6 does not
exceed =~ 5 — 6 percent®.Because of the absence of integration over
the disk in formula (7) the maximum error in the value of Tg is tolerated,
as may be seen from formula (7), in the region T ~ 1, that is in the re-
gions v =2 0,55 4+ 0.63 cn~l and v =~ 0.96 +-1.1 cn~l, But even in these re-
gions the error does not exceed 2.5 percent. In the region Ty= T, this
error constitutes only fractions of percent. In the regions v <0.55cm™ -1 and
v >1.1cm L itis just as small.
It may be seen from Figs.l4 — 6 that the most interesting region for
the experimental investigation is A\~ 1.05¢m =+ 1.54cm, for in it one may
expect a notable departure in the brightness temperature of Jupiter from

the value 130°K for certain model atmospheres of the planet.

* For the estimate. of the given error on separate portions of the spectrum,
calculeztion of the value of TB was made with a tinier spacing by frequency.



)]
130 eamnzns
120 oK
x==1wm
weeeah,29.225 KM
— = h=18.45 K
- h,2276750M
70 — n=J6.80/M
100
' 1 1 1 1 1 ] |
0.3 25 07 o8 Ll 1.3 L5 1.7v[cal
1 i i L ] 1 i1 1
23 2 15 7.2 ! 0.8 0.7 08 Alem]
AL
176G~
160
L X= r-,%
e 1.59.225K04
— —h218.45Kkm
l_ ¢
150 —— B =LT.675KM
—— B,=36.50 nm
L
40~
4/'
'c—‘:’:"-:?'—
1301 1 —_ 1 1 1 I 1 i
0.3 0.5 0.7 0.9 17 L3 15 v[em]
: 1 1 i 1 1 1 1
2.3 2 L5 12 H 0.8 0.7 A [em;

12,

Figures 5 and 6 have identical captions to that of Fig. L

~
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Thus, for example, for h,=36.90km and W = *1°K/kmat the
center of the indicated region we shall have j130°K — Tg| > 37° K. and
for X = —2.01°K/km we shall have ]|130° K — Tp|=< 70°KS At boundaries
of the region A=~ 1.05cm-~ 1,5# cm, the corresponding discrepancy by
module will constitute 15°K, 30°K,12°K, 25°K, At the same time it is
necessary to note, that for hc =9,225km the difference in the brightness
temperature from 130°K does not exceed ~ 13°K for all values of X.
Note that the measurement of the emission spectrum of Jupiter in the re-
gion A~z 1,25¢m at sea level is beset with difficulties occurring on
account for strong absorption by water vapor in the Earth's atmosvhere
[27]). However, the latter drops rapidly with height, which alleviates the

setup of the corresponding experiment.

The authors are grateful to V.V.Zheleznyakov for his constant
attention to the work and the examination oi the manuscript, and also to
I.A.Rakova and M, B, Flaksman for effecting the computations on BESM - P.

«ssxx¢ THE END sxxx+«

Radiophysical Institute of the Received on 3 March 1964
Gor'kiy State Univerrity

N. B, NOTE AT CORRECTION OF THE PAPER

By that time works [28, 29], referring to soue questions of atmosphere
structure of Jupiter, were published, with emphasis on the brightness tem-
perature in the region A < 3cm.In [28], it was experimentally found that
Tg =144 £ 23"K for =~ 8.35mm. The indicated value of Ty agrees well

not only with the Kuiper model [14], as taken into account by authors of
[28], but also with the model atmospheres considered in the paper. The esti-
mates of the temperature gradient in the above-cloud layer of Jupiter in
[29] gave the value X =4.3° K/km, close to that for the Kuiper model.

The overrated hydrogen content in Kuiper models [14] was already noted above
The estimates of the value of Tg for other gradients x and heights h,

can be easily made by using the material expounded. And finally, the effect
of possible inhomogeneity of the chemical compositionnof Jupiter's atmo-
sphere, linked with the freeze out of amronia, upon Tpmay be qualitatively

renresented from the data obtained for Saturn.

* [insert]. For h.=18.45km and * = 1°K/km, we have at the center
|170-K - T,~18 K, ®and for X=-2.01°K/km, |130°K— T 37 K,
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